Maintenance of genome stability during cell division depends on establishing correct attachments between chromosomes and spindle microtubules. Correct, bioriented attachments are stabilized, whereas incorrect attachments are selectively destabilized. This process relies largely on increased phosphorylation of kinetochore substrates of Aurora B kinase at misaligned versus aligned kinetochores. Current models explain this differential phosphorylation by spatial changes in the position of substrates relative to a constant pool of kinase at the inner centromere. However, these models are based on studies in aneuploid cells. We show that normal diploid cells have a more robust error-correction machinery. Aurora B is enriched at misaligned centromeres in these cells, and the dynamic range of Aurora B substrate phosphorylation at misaligned versus aligned kinetochores is increased. These findings indicate that in addition to Aurora B regulating kinetochore-microtubule binding, the kinetochore also controls Aurora B recruitment to the inner centromere. We show that this recruitment depends on both activity of Plk1, a kinetochore-localized kinase, and activity of Aurora B itself. Our results suggest a feedback mechanism in which Aurora B both regulates and is regulated by chromosome attachment to the spindle, which amplifies the differential phosphorylation of kinetochore substrates and increases the efficiency of error correction.
Proper chromosome segregation during cell division is essential to maintain genome stability. The centromere is the chromosomal locus that directs this process and is the site of formation in mitosis of the kinetochore that mediates attachment to the microtubule-based spindle [1, 2] . Prior to segregation, sister kinetochores are bound by microtubules emanating from opposite spindle poles (biorientation), which is achieved through a trial-and-error process. Correct kinetochore-microtubule attachments exert tension across the centromere and are stabilized, whereas those that lack tension are selectively destabilized by the action of the Aurora B kinase, which phosphorylates kinetochore targets such as the KNL-1/ Mis12 complex/Ndc80 complex (KMN) components to reduce microtubule binding [3] [4] [5] [6] . The effectiveness of this trial-anderror process should depend on the magnitude of the kinetochore switch from phosphorylation to dephosphorylation, which determines the differential stability of correct and incorrect attachments. Current models for how this switch functions are based on the position of Aurora B, along with its binding partners in the chromosome passenger complex (CPC), at the inner centromere. The CPC localizes to the chromatin between sister kinetochores. Bioriented sister kinetochores are under tension and spatially separated from the kinase at the inner centromere. Therefore, even when kinase activity is constant, phosphorylation of kinetochore substrates is reduced to stabilize correct attachments [7] . This model is based on experiments in aneuploid cell lines, such as HeLa and U2OS, which may have a less effective error-correction machinery compared to cells that maintain a normal chromosome complement.
Normal Diploid Cells Have a More Robust Error-Correction Machinery and Enriched Aurora B at Misaligned Centromeres
To compare the efficiency of error correction in different cell lines, we used an established assay to accumulate monopolar cells by reversible chemical inhibition of kinesin-5 using monastrol [8] . Such treatment generates a large number of attachment errors (i.e., both sister kinetochores attached to the single spindle pole), which are corrected when monastrol is removed and the spindle becomes bipolar. This error-correction pathway requires Aurora B-mediated destabilization of incorrect attachments [9] . We measured the number of cells containing misaligned chromosomes 45 min after monastrol withdrawal and found that HeLa cells are greater than two times more likely to have misaligned chromosomes than diploid retinal pigment epithelial (RPE) cells (31%, HeLa; 12%, RPE) ( Figure 1A ). To test whether the Aurora B errorcorrection pathway functions differently in these cell lines, we measured the sensitivity to partial Aurora B inhibition using a small-molecule inhibitor of Aurora B kinase activity, ZM447439 (ZM) [10] . At 500 nM ZM, w60% of HeLa cells contain misaligned chromosomes 1 hr after monastrol withdrawal as compared to only w5% in RPE cells ( Figure 1B ; see also Figure S1A -S1D available online). In addition, diploid primary fetal fibroblasts (FF) are insensitive to w500 nM ZM, whereas this treatment causes aneuploid U87MG glioblastoma cells to have substantially more mitotic errors ( Figure 1B ; Figure S1E ). These results demonstrate that RPE and FF cells have a more robust, Aurora B-dependent error-correction machinery compared to HeLa and U87MG cells.
Because of the importance of Aurora B localization for the error-correction mechanism, we compared endogenous Aurora B staining in the diploid and aneuploid cell lines. Aurora B localizes to the inner centromere in all cases, but it is dramatically enriched (w3-fold) at misaligned centromeres compared to aligned centromeres in RPE and FF cells ( Figures 1C and 1D) . We found a similar enrichment in another diploid fibroblast cell line ( Figure S1F ), but not in HeLa or U87MG cells ( Figures 1E  and 1F ). One possible cause for the difference in Aurora B behavior between aneuploid and diploid cell lines is a fixed pool size of Aurora B protein and a variable number of chromosomes in each cell. Indeed, the pool size of Aurora B protein has been reported to be similar between the HeLa, RPE, and U87MG cell lines [11] , and we also found that FF cells have similar amounts of Aurora B protein ( Figure S1G ). Despite the similar levels of Aurora B found in all four of the cell lines we examined, both HeLa (superdiploid) and U87MG (pseudo-/subdiploid) lack Aurora B enrichment on misaligned chromosomes that we observed in the diploid cell lines (RPE and FF) ( Figure 1G ). These findings strongly suggest that differences in chromosome number, or chromosome load, of each cell are not the basis for the absence of Aurora B enrichment on the centromeres of misaligned chromosomes in HeLa and U87MG cells.
To study the dynamics of Aurora B recruitment to centromeres in relation to chromosome alignment status, we generated an RPE cell line stably expressing GFP-tagged Aurora B. Multiple lines of evidence suggest that the fusion protein is functional: (1) endogenous Aurora B is heavily downregulated in the cells that express sufficient levels of GFP-Aurora B to replace the endogenous pool, so that the vast majority of Aurora B expressed is the GFP-tagged version ( Figure 2A) ; (2) immunoprecipitation copurifies endogenous inner centromere protein (INCENP), the closest partner of Aurora B in the CPC [12, 13] , to the extent that it depletes detectable INCENP from the cell lysate ( Figure 2B) ; and (3) the immunoprecipitated Aurora B phosphorylates histone H3 on serine 10 ( Figure 2C ), a well-known substrate for Aurora B [14] . We then used the monastrol washout assay because it allowed us to examine many examples of misaligned and aligned chromosomes simultaneously and to track Aurora B levels in real time as chromosomes align. We found a 3-to 4-fold enrichment of GFP-Aurora B at misaligned centromeres ( Figures 2D-2F ), similar to our result for endogenous Aurora B in fixed cells ( Figure 1C ). By tracking individual centromeres, the live cell studies revealed a switch-like mechanism based on attachment status, where Aurora B levels sharply drop upon proper alignment ( Figure 2D ; Movie S1). Furthermore, the switch is reversible, because Aurora B levels drop when a centromere aligns, rise again when the same centromere loses attachment, evidenced by an excursion of w2 mm from the spindle equator, and then drop again when the chromosome aligns a second time ( Figure 2D 
CPC Enrichment at Misaligned Centromeres Amplifies the Preferential Phosphorylation of Kinetochore Substrates
To test whether Aurora B enrichment at misaligned centromeres leads to increased phosphorylation of kinetochore substrates, we measured phosphorylation of Dsn1, a component of the KMN network and an established Aurora B substrate involved in microtubule binding [6] , at Ser100. Using a previously characterized phosphospecific antibody [6] , we measured the increase of phosphorylation on Dsn1 at Ser100 on misaligned kinetochores relative to aligned kinetochores at the metaphase plate after monastrol washout. The dynamic range of this differential phosphorylation is substantially greater in RPE cells (w6-fold; Figures 3A and 3B ) than in HeLa cells using this assay (w2-fold; Figures 3C and 3D) or what was previously reported in unperturbed HeLa cells (1.4-fold; [6] ). Taken together, these findings indicate that Aurora B recruitment amplifies the increased phosphorylation of kinetochore substrates at misaligned centromeres, which is a crucial part of the error-correction mechanism.
The increased Dsn1 phosphorylation could be due solely to kinase enrichment on unaligned centromeres, or kinase activation could also contribute as suggested in some models. To test this possibility, we first generated a phosphospecific antibody against the C-terminal TSS motif of human INCENP ( Figures S3A and S3B ). This motif is both an Aurora B substrate and a crucial part of the mechanism of kinase activation [13, 15, 16] and is therefore a useful marker for kinase activation. We found that phospho-INCENP staining is enriched w3-fold at misaligned centromeres of RPE cells ( Figures S3C and S3E) , consistent with Aurora B enrichment ( Figure 1C ). Total INCENP protein levels are also enriched to a similar extent ( Figures S3D  and S3F ). The strongly correlating localization of INCENP and Aurora B is expected because the CPC is a single functional module where all four components transit together [16] [17] [18] . Furthermore, the quantitative similarity between INCENP and phospho-INCENP enrichment suggests that Aurora B is recruited to misaligned centromeres but not further activated.
Basal CPC recruitment to the inner centromere involves local chromatin modifications including phosphorylation of histone H3 on Thr3 by the haspin kinase [19] [20] [21] and phosphorylation of histone H2A on Thr120 by the Bub1 kinase [19, 22] . We find that phH3-T3 is not enriched on misaligned chromosomes of RPE cells that contain high levels of Aurora B (Figure S3G and S3J-S3L ). On the other hand, phH2A-T120 is heavily enriched on the centromeres of misaligned chromosomes in RPE cells, corresponding to the centromeres with high levels of Aurora B ( Figure S3H and S3M-S3O). Neither phH2A-T120 nor Aurora B is enriched on the centromeres of the misaligned chromosomes of HeLa cells ( Figure S3I and S3P-S3R). The correlation between Aurora B levels and the amount of phH2A-T120 staining suggests a potential link between this particular chromatin modification and the specific recruitment of Aurora B to the centromeres of the chromosomes requiring its mitotic error-correction activity.
CPC Enrichment on the Centromeres of Misaligned Chromosomes Is Dominant in Fused Cells
Our findings suggest either that changes to centromeres in aneuploid cells render them unable to enrich the CPC on misaligned chromosomes or that aneuploid cells have lost one or more diffusible or exchangeable factors that contribute to CPC enrichment. To distinguish between these possibilities, we fused RPE cells stably expressing YFP-CENP-A with HeLa cells stably expressing HA-CENP-A ( Figure 3E ). CENP-A in flies and humans is exclusively targeted to centromeres at mitotic exit and the G1 phase of the cell cycle [23, 24] , so in all of the mitotic cells that we monitor within 9 hrs of cell fusion, each centromere is loaded with a tagged CENP-A that indicates the cell line of origin on every chromosome. For cells that are coseeded without inducing fusion, we measured INCENP levels on adjacent cells on the same coverslip and found enrichment on misaligned chromosomes only in the RPE cells ( Figure 3F ; Figure S3S ), mirroring our findings in earlier experiments that compared cells imaged on separate coverslips (Figures S3D and S3F) . In fused cells, however, all centromeres showed equivalently robust recruitment of INCENP ( Figures 3G and 3H ) and Aurora B (Figure S3T) , regardless of whether the chromosome originated from HeLa or RPE cells. Thus, the deficiency in HeLa cells in recruiting high levels of the CPC to misaligned chromosomes is ameliorated by the cytoplasm of a healthy, diploid RPE cell.
Plk1 and Aurora B Activities Are Required for Aurora B Enrichment
It is well established that Aurora B at the inner centromere signals to the outer kinetochore to regulate microtubule attachments. Our results suggest that there is also signaling in the opposite direction, because the kinetochore attachment state controls Aurora B recruitment to the inner centromere. Several kinetochore components are enriched at kinetochores early in mitosis and removed from each chromosome upon alignment at the spindle equator. We focused on kinases that exhibit this behavior as potential regulators that might modulate Aurora B levels at the inner centromere. Both Plk1 and Mps1 kinases are attractive candidates because of their dynamic kinetochore localization [25] [26] [27] and known interactions with CPC components [28] [29] [30] [31] . To test whether either Plk1 or Mps1 is required for enrichment of Aurora B on misaligned centromeres, we took advantage of the temporal control possible with chemical inhibitors: BI2536 [32] for Plk1 and reversine for Mps1 [31] . Using these inhibitors allowed us to examine only 15 min of inhibition in the monastrol washout assay ( Figure 4A ), a brief time window that minimizes effects on kinetochore microtubules, for example, those that arise after prolonged BI2536 treatment [27, 33] . We compared aligned centromeres, which are stretched by bipolar attachment to the spindle (i.e., interkinetochore distances of 1.5-1.7 mm), to misaligned centromeres. Inhibition of Plk1 ( Figure 4B ) but not Mps1 ( Figures  S4A-S4D ) largely eliminates the Aurora B enrichment on misaligned centromeres ( Figure 4C ). BI2536 treatment did not prevent H3-T3 or H2A-T120 phosphorylation at centromeres ( Figures S4E and S4F ), indicating that Plk1 inhibition does not lead to loss of the histone phosphorylations known to recruit the CPC.
Because Aurora B itself is proposed to be a key sensor of chromosome attachment status, we tested whether its kinase activity is required for its own enrichment on misaligned chromosomes. An earlier report in X. laevis cultured cells found that centromeres with distorted Ndc80 foci, interpreted as merotelic attachments, recruit higher levels of Aurora B in a manner that is independent of Aurora B kinase activity [34] . We treated RPE cells with the Aurora B inhibitor ZM and found that Aurora B levels are no longer enriched at misaligned chromosomes in both fixed and living cells (Figures 4D and  4E ; Figures S4G and S4H ; Movie S4). Thus, in normal diploid mammalian cells, Aurora B relies on its kinase activity to drive its own accumulation specifically at the centromeres that require error correction. 
Conclusions
Our findings in normal diploid cells indicate that the Aurora Bbased mechanism to destabilize erroneous connections between kinetochores and spindle microtubules utilizes dynamic modulation of the levels of the kinase in a chromosome-autonomous fashion. The requirement for both Aurora B and Plk1 activity in the enrichment of Aurora B at the centromere suggests a model for positive feedback from kinetochores to the inner centromere ( Figure 4F ). Upon formation of bioriented kinetochore-microtubule attachments, Plk1 dissociates from the kinetochore and Aurora B levels rapidly drop to avoid destabilizing the new correct attachments. The rapid response of Aurora B levels to both chromosome alignment and then subsequent misalignment ( Figures 2D-2H) is reminiscent of the kinetochore-autonomous enrichment of mitotic checkpoint components, such as Mad1 and Mad2, with removal upon formation of proper attachments but retargeting to kinetochores if attachments are subsequently broken [25, 35, 36] . In the case of Aurora B, a basal pool of the kinase persists even upon proper chromosome biorientation ( Figure 1C ). We suggest that retention of a basal pool of the CPC serves three purposes. First, it is required for the structural integrity of the kinetochore [37] . Second, the well-established passenger behavior of the CPC requires centromere localization of a fraction of the CPC to deliver Aurora B to the spindle midzone after anaphase onset, where it is needed in late mitosis to direct cytokinesis [38, 39] . Third, because Aurora B kinase activity is required for its own enrichment at misaligned centromeres ( Figures 4C and 4D) , a basal pool is probably required, because its complete removal upon biorientation would be incompatible with its re-enrichment in the instance that initial proper connections are lost and/or erroneous attachments are gained.
We favor a simple model for Aurora B sensing of erroneous attachments that utilizes two key properties of centromeric chromatin: (1) an increase in the spatial separation from the site of Aurora B enrichment from its kinetochore substrates that is only achieved upon proper chromosome biorientation [7] and (2) the dynamic regulation of the level of Aurora B kinase at centromeres that we describe in this study. The two properties work together to generate a very large dynamic range of Aurora B phosphorylation of kinetochore target sites (6-fold on Ser100 on Dsn1; Figures 3A and 3B ). If spatial separation is prevented by artificial targeting of the kinase nearer to its kinetochore targets, Aurora B silencing is not possible [7] . If the regulation of Aurora B levels at centromeres is absent, the dynamic range of Aurora B activity at kinetochores is substantially narrowed (e.g., 1.9-fold change in phospho-Dsn1 between misaligned and aligned chromosomes in HeLa cells [ Figures 3C and 3D] [6] compared to 6-fold in RPE cells [ Figures 3A and 3B] ). The presence of the modulatory mechanism that adjusts Aurora B levels at each centromere correlates, in RPE and FF cells, with a higher efficiency of error correction and increased robustness to perturbations of Aurora B kinase activity (Figure 1 ). Normal diploid RPE cells rapidly progress from the onset of mitosis to sister-chromatid separation at the beginning of anaphase [40] , relative to aneuploid cell lines such as HeLa cells. Our data support the notion that the Aurora B feedback pathway that culminates in enriching the kinase at the centromeres of misaligned chromosomes is a key contributor to efficient mitoses that progress error free. By supplying high levels of the kinase only at the centromeres that require destabilization of kinetochore-microtubule attachments, initial erroneous chromosome attachments are rapidly corrected. Upon correct attachment, the corresponding reduced levels of the kinase and the increased distance from its kinetochore targets switch the centromere to a mode that is stabilized until all chromosomes are properly aligned and the cell progresses to anaphase. Failure to regulate Aurora B levels may contribute to the increased aneuploidy frequently observed in cancer cells.
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